INTRODUCTION
The covering materials of greenhouses and the artificial lamps used therein influence the spectral composition or quality of the radiation to which cultivated plants are exposed (Takano, 1975; Hughes et al., 1984) . Long-term exposure (days or weeks) to radiation of different qualities has been reported to bring some changes in plant growth and morphology (Warrington and Michell, 1976; Mortensen and Str¢mme, 1987; Rajapakse and Kelly, 1995) . These results suggest that the quality of product can be improved using optimal radiation qualities. The data, moreover, appear to show that acceleration of stem extension is caused by radiation with a low red to far-red photon flux ratio (R: FR) and radiation with a high R : FR but little blue light, although the studies were examined under different spectral conditions.
However, these studies are not adequate to give a common view on the spectral effects of radiation on product quality, because the spectral effects remained undefined excluding changes in stem extension . Experiments to date on short-term exposure (minutes or hours) to red, far-red or blue light showed that stem extension in seedlings is controlled individually by both phytochromes and the blue-light photoreceptors (Jose, 1977; Cosgrove, 1981; Gaba et al., 1984; Casal and Smith, 1988; Kiegel and Cosgrove, 1991) . Decreases in R : FR have been shown to cause acceleration of stem extension and inhibition of branching in several plants grown under Vol.38, No.1 (2000) (13)13 broad-spectrum radiation (Smith, 1982) . The long-term effects of R : FR on plants have been also examined by supplementing far-red light at the same photosynthetic photon flux density (PPFD, 400-700 nm) (Murakami et al., 1991; Hanyu et al., 1996) . Increasing far-red light with constant red light has been shown to cause stimulation of stem extension and leaf expansion and to increase dry matter (DM) and dry matter partitioning to stems in kidney bean (Hanyu et al., 1996) . The previous studies, however, do not show whether increases in red light could modify plant growth and morphology when maintaining PPFD, R : FR and phytochrome photoequilibrium (Pfr/P), the fraction of total phytochrome in the active state, constant.
On the other hands, there are not many studies on the long-term effects of blue light on plants compared with those of R : FR. The effects of blue light on stem extension have been examined in several species including tomato and ryegrass by means of adding blue light to background light (Thomas and Dickinson, 1979 ; Casal and Alvarez, 1988 ; Wheeler et al., 1991) . As a result, the stem extension rates have been shown to decrease with increasing blue light in all of those species. Similarly, increases in blue light containing broad-spectrum radiation have been shown to cause inhibition of stem extension and reductions in the dry matter partitioning to stems at the same total DM in kidney bean plants (Macs et al., 1995) . When soybean, sorghum and pepper plants were grown under blue-deficient light sources compared to plants grown under supplemental blue light sources, acceleration of stem extension and reductions in DM have been shown to occur (Britz and Sager, 1990 ; Brown et al., 1995) . Thus the previous studies do not detail the long-term effects of blue light on all plant parts but only examine the effects on stem extension, but increases in blue light appear certainly to cause changes in DM and dry matter partitioning. Furthermore, it was suggested that the blue-light photoreceptors acted as a photon flux counter (MacLaren and Smith, 1978; Ritter et al., 1981) , and played an important role in plant response to radiation quantity as well as radiation quality, due to its co-action with the other photoreceptor, phytochromes (Mohr, 1994) . For this reason, increases in blue light also probably cause morphological changes in leaves and stems as well as in the case of the shade-avoidance reaction caused by R : FR perception (Smith, 1982) .
In this study, we examined the long-term effects of increasing blue light and red light on growth and morphology in kidney bean plants grown under broad-spectrum radiation. The aim was to determine whether blue light could modify leaf expansion and thickness, DM and dry matter partitioning and also whether red light could affect growth and morphology, when PPFD and R : FR were kept constant. Because the blue-light photoreceptors show no spectral activity when subjected to red light (Hsiao et al., 1973; Brinkmann and Senger, 1978; Lipson et al., 1984) , the photoreceptors are considered not to be directly involved in the growth changes induced by increasing red light at the same PPFD. Accurate spectral regulation, which would not allow photoresponses to R : FR, might give us a clearer understanding of the effects of blue or red light. Therefore, in order to vary blue or red light while keeping PPFD and R : FR constant, four different narrow-band fluorescent lamps were applied. stem length. In our study, when both PPFD and R : FR were kept constant, increasing red light with constant blue light caused increases in total DM in proportion to LA (Fig. 4 and Table 2) , showing good agreement with the results from the previous studies. On the other hand, increasing blue light with constant red light caused increases in the total DM but had no influence on LA ( Fig. 3 and Table 1 ). The data indicate that dry matter production per unit leaf area in kidney bean does not change as red light increases but increases as blue light increases. The leaf of kidney bean has been reported to show higher reflectance and lower absorptivity and photosynthetic quantum yield in the green region rather than the blue region (Balegh and Biddulph, 1970) . Although increases in blue light also caused significant increases in leaf thickness (Table 1) , diffusive conductance of CO2 in the mesophyll has been demonstrated to increase as space in the mesophyll increases with leaf thickening (Holmgren, 1968) . Besides, stomatal aperture has been shown to increase due to exposure to blue light (Hsiao et al., 1973 ; Sung and Takano, 1997) . We cannot rule out the possibilities that such factors cause increases in dry matter production per unit leaf area.
As shown in Table 3 , the growth parameters examined were classified based on the comparison of the blue light treatment effect with the red light treatment effect in order to understand the morphological significance of the blue light response. Each of growth parameters classified as Groups II-V was affected by the blue light treatment. Stem length and dry matter partitioning (Groups II and III) were influenced not only by the blue light treatment but also less by the red light treatment. Maas et al. (1995) have shown that increases in blue light did not affect total DM significantly but caused increases in dry matter partitioning to internodes at the expense of leaves in kidney bean. On the other hand, decreases in irradiance have been shown to trigger the reallocation of dry matter from the roots and leaves to the stems and petioles, including the production of thinner leaves (Simes and Pearcy,1994) . Thus, the effects of low irradiance on dry matter partitioning correspond to the effects of low blue light. As was suggested by Smith (1982) , the shade-avoidance strategy of plants, is to mobilize all available carbohydrates and greatly increase stem extension at the expense of leaf expansion. It has been shown that decreases in R : FR causes an increase in the allocation of 14C-assimilates to petioles in clover at the expense of stolons and roots (Robin et al ., 1992) . In our experiment, reductions in blue light increased stem length and dry matter partitioning to stems, suggesting that the adaptation of kidney bean to shade condition is caused by blue-light response in addition to R : FR response. When red light increased, both dry matter partitioning and DM increased with regard to the stem but only DM increased with regard to the leaf and root. These results suggest that the red-light dependence in dry matter partitioning is dominated by stem extension.
LA and mean leaf area, the growth parameters related to leaf expansion (Group VI), were influenced by the red light treatment and not influenced by the blue light treatment. The fact that blue light has no effect on leaf length has been indicated also by Casal and Alvarez (1988) . In the red light treatment, as R : FR was kept constant, the acceleration of leaf expansion can be reasonably attributed to increases in red and/or far-red light. SLA and SSD, leaf and stem morphology parameters (Groups IV and V), are not influenced by the red light treatment but by the blue light treatment. Our previous research (Hanyu et al., 1996) indicated that reducing R : FR results in increased SLA and decreased SSD in the additional far-red light treatment. The results show that changes in SLA and SSD can be caused by increases in both blue light and additional far-red light. These morphological responses can be understood as shade-avoidance reaction (Smith, 1982) , while the understandings of the red-light response are unclear because of unchanged SLA and SDL.
The findings obtained from this study provide some valuable insights into the photocontrol mechanisms of morphology in plants grown under broad-spectrum radiation.
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When PPFD and R : FR are kept constant, increasing blue light with constant red light did not have a significant influence on leaf expansion but caused notable inhibition of stem extension. On the other hand, increasing red light with constant blue light caused acceleration of both leaf expansion and stem extension. The degree to which increases in red light influenced stem extension, however, was less than that in the case of increasing blue light . Because the differences in Pfr/P in each spectral treatment were small to cause the observed changes in stem extension, the results suggest that the blue light-induced changes are mediated by the blue-light photoreceptors and the red light-induced changes are not attributed to R : FR , but they are mediated by phytochromes. Increases in both blue and red light caused significant increases in total DM, but also quite different distribution of that DM . Increases in total DM appear to be due to increases in dry matter production per unit leaf area in the case of increasing blue light, and on the other hand, due to increases in LA in the case of increasing red light. Thus, reductions in blue light caused increases in stem length and dry matter partitioning to stems, and decreases in leaf thickness at the expense of leaves in kidney bean. The perception of blue-light levels, therefore, appear to cause the shade avoidance as well as the perception of R : FR by phytochromes.
As a consequence , increasing blue light is believed to produce plants with thick leaves and hardy stems similar to the effects caused by decreasing the added-far-red light.
This study, however, did not confirm the interactions between enhanced blue light and red or far-red light on plant growth nor plant responses to red light at the same levels of far-red light. Further, photon flux response curves for the inhibition of hypocotyl extension have been reported to differ with regard to exposure to blue light and red light (Holmes and Schafer , 1981) , but whether the observed spectral effects are photon flux dependent was not examined . We plan to follow up on the still unresolved problems, and also study the long-term effects of spectral treatments on growth in short-stem plants. Scaling 
